Context: Somatic mutations in the ubiquitin-specific peptidase USP8 gene were recently detected in one-to two-third(s) of corticotroph adenomas of Cushing's disease (CD). These mutations may lead to the deubiquitination of EGFR, thereby increasing EGFR signaling, which has been implicated in ACTH hypersecretion. Objective: Our objective was to determine the impact of USP8 mutations on the clinicopathological features of CD. Subjects and methods: USP8 mutations as well as clinicopathological characteristics were examined in 60 corticotroph adenomas including 15 Crooke's cell adenomas (CCAs), a rare histological variant presenting with generally aggressive behavior, using qRT-PCR and/or immunohistochemistry. Results: USP8 mutations were exclusively detected in women, except for one case, with a prevalence of 42.2% in non-CCA and 13.3% in CCA (overall 35%). Clinically well-behaved presentations including microadenoma and curative resection were more common in mutated cases. The expression of EGFR was not associated with the mutation status. In contrast, mutated tumors expressed significantly higher levels of POMC, SSTR5, and MGMT. Conclusions: Microadenomas that strongly express POMC were common among mutated tumors, which may lead to the mechanisms by which very small adenomas secrete excess ACTH to present overt CD. While USP8 mutations were less likely to enhance tumorous ACTH hypersecretion via EGFR-mediated activation, the presence of USP8 mutations may predict favorable responses to the somatostatin analog pasireotide, which exhibits high affinity for SSTR5. In contrast, non-mutated aggressive tumors such as CCA may respond better to the alkylating agent temozolomide because of their significantly weak expression of MGMT.
Introduction
Cushing's disease (CD) is caused by an ACTH-secreting corticotroph adenoma that induces hypercortisolism. Most ACTH-secreting adenomas are microadenomas (!10 mm in maximum diameter), while macroadenomas (R10 mm) are detected in 10-20% of patients. The firstline treatment for CD is transsphenoidal surgery (TSS).
The selective surgical removal of a microadenoma generally results in a cure with a low recurrence rate. In contrast, macroadenomas are typically more invasive tumors and often recur after surgery.
Crooke's cell adenoma (CCA), a histological variant type of corticotroph adenomas, is characterized by a prominent hyalinized cytoplasm (Crooke's hyaline change) in most adenoma cells. Although CCA is a rare subtype of CD with an estimated prevalence of 4.4-14% among all corticotroph adenomas, it is generally aggressive, presenting as invasive macroadenomas, is resistant to surgery and radiotherapy, and has a high recurrence rate. The development of corticotroph carcinomas in preexisting CCA is not uncommon (1, 2) .
The four members of the ErbB family, which includes epidermal growth factor receptor (EGFR) and ERBB2-4, are cell surface receptor tyrosine kinases (TKs) (3) . When tumor cells overexpress ErbB receptors, they exhibit aggressive tumor cell growth. Previous studies reported that pituitary adenomas including corticotroph adenomas had variable EGFR expression (4, 5) , which correlated with tumor aggressiveness (6, 7, 8) . Somatic mutations in the 14-3-3 protein binding motif of the deubiquitinating enzyme (DUB) gene, ubiquitin specific peptidase 8 (USP8), were recently detected in approximately one-to two-third(s) of corticotroph adenomas (9, 10) . These mutations potentially lead to the deubiquitination of EGFR, thereby increasing EGFR signaling, which has been implicated in corticotroph tumorigenesis. Furthermore, in vitro studies revealed that USP8 mutations enhanced the promoter activity of the gene encoding proopiomelanocortin (POMC) through stabilized EGFR signaling, which may explain ACTH hypersecretion in patients with CD (9, 10, 11) . These findings have raised the question as to whether USP8 mutations are associated with the clinical features of CD such as tumor aggressiveness, ACTH hypersecretion, surgical remission rate, and drug susceptibility to the dopamine agonist cabergoline and somatostatin analog pasireotide (12, 13) , as well as the alkylating agent temozolomide, which is used in the treatment of aggressive pituitary adenomas and carcinomas (2, 14, 15, 16) .
Clinical presentation such as the tumor size, extent of cavernous sinus (CS) invasion, surgical outcome, and Ki-67 labeling index has been associated with tumor aggressiveness (15, 16) . The positive expression of dopamine receptor D2 (DRD2), somatostatin receptors (SSTRs), and EGFR have been shown to predict drug susceptibility to dopamine agonists, somatostatin analogs, and TK inhibitors respectively (12, 13, 17) . In contrast, the negative expression of O 6 -methylguanine DNA methyltransferase (MGMT) and the DNA mismatch repair protein MSH6 have been associated with tumor responsiveness (18, 19) and resistance to temozolomide (20) respectively. In order to determine the impact of USP8 mutations in CD, we herein evaluated the clinicopathological features of 60 corticotroph adenomas including 15 CCAs using quantitative real-time PCR (qRT-PCR) and/or immunohistochemistry, and evaluated their relationships with the USP8 mutation status.
Subjects and methods

Patients
We reviewed all tumor samples from 209 patients with clinically active CD who underwent TSS between March 2004 and October 2013. In all cases, surgery was performed by the same surgeon (SY) who has experience with more than 2500 pituitary surgeries. Samples were examined by routine histological methods and immunohistochemical staining as previously described (21, 22) . They were classified as CCA when the percentage of Crooke's hyaline change in tumor cells was O50%, with the remaining tumor samples being considered as nonCrooke's cell adenoma (non-CCA) (1, 21) . Sixteen tumor samples were identified as CCA from 209 samples (7.7%), and 15 out of 16 samples were available for RNA extraction. They were compared with 45 tumor samples selected from recent non-CCA tumor samples. The control group comprised three normal anterior pituitary tissues obtained from patients during surgery for craniopharyngioma without hypopituitarism preoperatively. Informed consent was obtained from all patients and tissue collection was approved by the Institutional Review Board of Toranomon Hospital. Preoperative contrastenhanced MRI (1.5 or 3.0 T) was performed in all patients. CS invasion was confirmed by both operative and histological findings. Patients were considered to be in surgical remission on the basis of postoperative serum cortisol levels !3 mg/dl (23).
system (Life Technologies). Relative quantification was performed using standard curve methods. mRNA expression results were normalized to GAPDH and expressed in arbitrary units (AU).
Direct sequencing for detection of USP8 mutations
Tumor cDNA was amplified by PCR using the forward primer, 5 0 -GGGAGGATCGTACCAGGACT-3 0 in exon 13 and the reverse primer 5 0 -AGGTTCCGAATCTGA-GAAGCA-3 0 in exon 14, corresponding to codon 645-764
of USP8 (GenBank accession number: NM_005154.4). Direct sequencing was performed using internal primers.
Biochemistry
All experimental procedures regarding in vitro experiments on COS-7 and HeLa cells, including the construction of cDNA expression plasmids, cell culture, DNA transfection, immunoprecipitation and immunoblotting, DUB assays, and immunofluorescence staining were performed as previously described (9) .
Immunohistochemistry
A summary of the primary antibodies used and working dilutions are provided in Supplementary Table 2 , see section on supplementary data given at the end of this article. Slides were stained using an EnVisionCSystem-HRP Kit (Dako, Glostrup, Denmark). Immunohistochemical reactions were developed with diaminobenzidine and slides were counterstained with hematoxylin. EGFR, SSTR2, SSTR5, DRD2, MGMT, and MSH6 protein expression levels were scored using the immunoreactive score (IRS) as previously reported (24, 25) ; IRS (0-12) was the product of the proportion of immunoreactive cells (0, 0%; 1, !10%; 2, 10-50%; 3, 51-80%; or 4, O80%) multiplied by the staining intensity (0, no staining; 1, weak; 2, moderate; and 3, strong). The scores of the images are shown in Fig. 1 .
Statistical analysis
Data were expressed as a median with an interquartile range (IQR). Comparisons between categorical variables were performed using Fisher's exact test. Comparisons between numerical variables were performed using the Mann-Whitney U test. Correlations were determined by calculating Spearman's rank correlation coefficient. P values of !0.05 were considered significant. A stepwise forward-selection multivariate regression analysis was employed with either surgical remission, mRNA expression, or the IRS score as a dependent variable and different parameters including the USP8 mutation status, USP8 mRNA expression, pathological finding (non-CCA or CCA), sex, plasma ACTH concentration, maximum tumor diameter, Knosp classification, cavernous sinus invasion, and Ki-67 labeling index as independent variables (nZ51, after excluding nine subjects whose tumorous RNA samples may have been contaminated with a significant amount of the normal anterior pituitary).
Results
Clinical characteristics of subjects
A previous in vitro study suggested that USP8 mutations were associated with EGFR activation of corticotroph adenomas. Therefore, we speculated that the aggressive type of CD, CCA may be more likely to demonstrate USP8 mutations such that EGFR protein expression levels may be higher in CCA than in non-CCA. Therefore, we evaluated 60 samples comprising 15 CCA and 45 non-CCA. The ratio of CCA (25%) in the present study was markedly higher than the actual prevalence of CCA (7.7%) in our hospital.
The clinical characteristics of the tumors examined are summarized in Table 1 . Note that specimens of very small microadenomas, such as !5 mm, were generally used for diagnostic purposes only, and were rarely available for the present study, lending a certain selection bias to the non-CCA group. CCA were significantly larger than non-CCA (maximum tumor diameter, median 19.2 mm vs 9.4 mm, PZ0.002) (Supplementary Figure 1A , see section on supplementary data given at the end of this article). Macroadenomas were more frequent among CCA than among non-CCA (93.3% vs 40%, P!0.001). The prevalence of CS invasion was significantly higher in CCA than in non-CCA (80% vs 48.9%, PZ0.041). The surgical remission rate was lower in CCA than in non-CCA although there was no statistic difference (46.7% vs 75.6%, PZ0.055). Clinical features including age at diagnosis, sex ratio, plasma ACTH, serum cortisol, the Ki-67 labeling index, and prior history of TSS were not significantly different between the two groups. Taken together, our CCA cases confirmed the aggressive clinical features of invasive macroadenomas with a low surgical remission rate. 
Determination and relative mRNA expression of USP8 mutants
The PCR-amplified cDNA fragments for codon 645-764 of USP8 containing the 14-3-3 binding motif were sequenced. USP8 mutations were detected in 21 (35%) out of 60 adenomas. Sanger sequencing showed WT and mutant alleles in the mutated adenomas, consistent with heterozygous mutations. These mutations were S718del (nZ9), P720R (nZ6), S719P (nZ2), S718F (nZ1), S718_P720delinsT (nZ1), P720Q (nZ1), and P720_ D721del (nZ1) ( 
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Clinical Study K Hayashi and others The impact of USP8 mutations in CD www.eje-online.org section on supplementary data given at the end of this article. S718_P720delinsT was a novel mutation. Others (S718del, P720R, S719P, S718F, P720Q, and P720_D721del) have been previously identified (9, 10, 11) . USP8 mRNA levels were measured using qRT-PCR to determine whether the expression levels of USP8 differed between the USP8 mutants and the WT. In order to exclude the possibility of normal pituitary contamination in the RNA samples of 60 extracted corticotroph adenoma tissues, qRT-PCR was performed using primers specific for POUF1 (PIT1), which is expressed in thyro-mammosomatotroph-derived cells, but not in corticotroph lineages. Fifty-one samples (21 out of 26 WT in non-CCA, 15 out of 19 USP8 mutants in non-CCA, 13 out of 13 WT in CCA, and two out of two USP8 mutants in CCA) expressed !2% POUF1 mRNA relative to the mean expression of three normal anterior pituitary samples, and were used in subsequent qRT-PCR analyses. However, the remaining nine RNA samples were excluded from subsequent qRT-PCR analyses because they expressed more than 8% POUF1 mRNA relative to the mean normal pituitary samples (Supplementary Figure 1B , see section on supplementary data given at the end of this article). Eight out of the nine excluded samples were microadenomas. USP8 mRNA expression was significantly higher in the mutants than in the WT USP8 (median 4.99 (AU) vs 2.59 (AU), PZ0.021) (Supplementary Figure 1C) .
Functional analysis of USP8 mutations
Previously-reported USP8 mutants loose binding to 14-3-3 proteins, undergo cleavage adjacent to the 14-3-3 binding motif to the 90-and 40-kDa fragments, and the 40-kDa fragment (C40) acquires high DUB activity (9, 11) . Since the functions of three of the seven USP8 mutants identified in this study (S718F, S719P, and S718_P720delinsT) had not been determined, we performed a functional analysis. Co-immunoprecipitation experiments showed that 14-3-3 binding of C-terminally Flag-tagged S718F, S719P, and S718_P720delinsT was markedly affected, similar to the previously-characterized mutant P720R in mammalian COS-7 cells (Fig. 2B) .
When the C-terminally Flag-tagged mutants were immunoprecipitated from transfected COS-7 cells and eluted from the antibody with the Flag peptide, cleaved C40 was detected in addition to the full-length 130-kDa form in the three mutants but hardly in WT USP8 (Fig. 2C ). C40 levels were consistently higher in S718F than in the other two mutants (Fig. 2D, left) .
In order to determine DUB activity, Flag-tagged USP8 proteins were immunopurified from transfected COS-7 cells, as in Fig. 2C , and their purity, concentration, and partial cleavage were assessed by Coomassie staining (Fig. 2D, left) . Approximately the same amounts of enzymes were incubated with Lys63-linked ubiquitin chains. Ubiquitin chains were more efficiently hydrolyzed by all USP8 mutants than by WT USP8 (Fig. 2D, right) . Consistent with S718F being more efficiently cleaved than other mutants (Fig. 2D, left) , it exhibited the highest DUB activity (Fig. 2D, right) .
The effects of USP8 mutations on the downregulation of EGFR were examined in HeLa cells treated with 100 ng/ml EGF for 1 h. While the overexpression of WT USP8 did not affect the endocytosis of ligand-activated Scale bars, 10 mm.
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EGFR, that of the three new mutants led to the retention of EGFR on the plasma membrane, suggesting that elevated DUB activity in the mutants inhibited the downregulation of EGFR (Fig. 2E ).
Clinical characteristics of the USP8 mutant group
The clinical features of the two groups, the WT and mutants, are summarized on the right side of Table 1 , while those of four groups, the WT and mutants in non-CCA or CCA, are summarized in Supplementary  Table 3 , see section on supplementary data given at the end of this article. Mutations were more frequent in non-CCA (19 out of 45, 42.2%) than in CCA (two out of 15, 13.3%), and observed exclusively in females (20 out of 47), and rarely in males (one out of 13). Plasma ACTH levels were significantly lower in the mutant than in the WT group, whereas no significant difference was observed for serum cortisol. Tumors with USP8 mutations were significantly smaller than WT tumors, and all mutants were !2 cm in size (Supplementary Figure 1A) . Table 3 ). The stepwise forward-selection multivariate regression identified the maximum tumor diameter and USP8 mutation status as contributors to surgical remission (adjusted R 2 Z0.493, P!0.0001). No significant differences were observed in clinical features including age at diagnosis, the prevalence of CS invasion, and the Ki-67 labeling index between the WT and mutant groups. Taken together, USP8 mutations were typically detected in women and characterized as small non-aggressive tumors with a high surgical remission rate.
Relative mRNA and protein expression of EGFR
We determined the mRNA and protein expression levels of EGFR using qRT-PCR and Immunohistochemistry (IHC) respectively. No significant differences were observed in EGFR mRNA or IHC expression between WT and mutants ( Fig. 3A and B) , indicating that USP8 mutations did not affect the total protein level of EGFR. However, EGFR protein expression was significantly higher in CCA than in non-CCA (median IRS 1C vs 0, PZ0.023) (Fig. 3B) , suggesting that the generally aggressive behavior of CCA was partly attributed to dominant EGFR protein expression. The stepwise regression analysis identified pathological findings (non-CCA or CCA) as the only contributor to the IHC score of EGFR (adjusted R 2 Z0.131, PZ0.0052).
The subcellular EGFR immunoreactivity patterns of the nine EGFR-positive corticotroph adenomas (IRSR2C) are shown in Supplementary Figure 3 , see section on supplementary data given at the end of this article. It is important to note that Crooke's hyaline change, characterized by the massive accumulation of cytokeratin filaments in the cytoplasm, may affect the subcellular localization of EGFR. Although one case of WT in CCA showed the cytoplasmic as well as membrane expression of EGFR, the other eight cases showed similar membrane expression patterns of EGFR, suggesting no apparent effect of USP8 mutations on the subcellular localization of EGFR.
Relative mRNA expression of POMC
In Fig. 4A , CCA showed significantly lower POMC mRNA levels than non-CCA (median 0.54 vs 1.84, PZ0.012). POMC mRNA expression levels were significantly higher in USP8 mutants than in WT USP8 (median 2.49 vs 0.52, P!0.001). In Fig. 4B , a positive correlation was observed between USP8 mRNA expression and POMC mRNA expression levels in the mutants (rZ0.60, PZ0.017), but 
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Clinical Study K Hayashi and others The impact of USP8 mutations in CD 174:2not in the WT (rZ0.23, PZ0.19), indicating USP8 mutantdependent POMC mRNA expression. Maximum tumor diameters and POMC mRNA expression levels showed a negative correlation (rZ-0.54, P!0.001) (Fig. 4C) . The stepwise regression analysis identified maximum tumor diameter and USP8 mRNA expression as contributors to POMC mRNA expression (adjusted R 2 Z0.256, PZ0.0003).
Taken together, small tumors such as USP8 mutants generally had higher POMC mRNA expression levels, whereas large tumors such as CCA generally had lower POMC mRNA expression levels.
Relative mRNA and protein expression of somatostatin and dopamine receptors
The mRNA and protein expression levels of SSTR2 were both generally low in the entire cohort. No significant differences were observed in SSTR2 mRNA or protein expression levels between WT and mutants or between non-CCA and CCA (Supplementary Figure 5A and 
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see section on supplementary data given at the end of this article). The mRNA expression of SSTR5 was significantly higher in USP8 mutants than in WT USP8 (median 2.95 vs 0.06, P!0.001) (Fig. 5A) . USP8 mRNA and SSTR5 mRNA expression levels showed a positive correlation (WT: rZ0.48, PZ0.006; mutants: rZ0.84, P!0.001) (Fig. 5C) . The stepwise regression analysis identified the USP8 mutation status and USP8 mRNA expression as contributors to SSTR5 mRNA expression (adjusted R 2 Z0.561, P!0.0001). Similar to mRNA expression, SSTR5 protein expression levels was significantly higher in the mutants than in the WT (median IRS 12C vs 1C, P!0.001) (Fig. 5B) . The IHC score was significantly lower in CCA than in non-CCA (median IRS 1C vs 4C, PZ0.010) (Fig. 5B) . Cases of lower IRS were mainly found in the low SSTR5 mRNA expression group of WT (Fig. 5D) . The stepwise regression analysis identified the USP8 mutation status and USP8 mRNA expression as contributors to the IHC score of SSTR5 (adjusted R 2 Z0.425, P!0.0001). The subcellular SSTR5 immunoreactivity patterns of the 15 corticotroph adenomas that exhibited IRS scores of 12C are shown in Supplementary Figure 4 , see section on supplementary data given at the end of this article.
Crooke's hyaline change may have affected the subcellular localization of SSTR5. The WT and mutants showed similar membrane expression patterns of SSTR5. In DRD2, mRNA and protein expression levels were both generally low in the entire cohort. However, DRD2 mRNA expression levels were significantly higher in the USP8 mutants of CCA than in the WT of CCA (median 0.81 vs 0.08, PZ0.038) (Supplementary Figure 5C , see section on supplementary data given at the end of this article). No significant difference was observed in protein expression levels between the WT and mutants or between non-CCA and CCA (Supplementary Figure 5D) .
Relative mRNA and protein expression of MGMT
MGMT mRNA expression levels were significantly higher in USP8 mutants than in the WT (median 3.47 vs 0.78, PZ0.001) (Fig. 6A) . In the IHC analysis, MGMT protein expression levels were significantly higher in the mutants than in the WT (median 8C vs 1C, P!0.0001), and most USP8 mutants (20 out of 21) were immunopositive for MGMT (IHC score R2C) (Fig. 6B) . MGMT mRNA and protein expression levels were significantly lower in CCA than in non-CCA, and most CCA (13 out of 15) were immunonegative for MGMT (Fig. 6A and B) . USP8 mRNA expression and MGMT mRNA expression levels showed a positive correlation (WT: rZ0.55, PZ0.002; mutants: rZ0.69, PZ0.006) (Fig. 6C) . MGMT immunonegative tumors were mainly detected in the lower MGMT mRNA expression group of the WT (Fig. 6D) . The stepwise regression analysis identified USP8 mRNA expression levels and pathological findings (non-CCA or CCA) as contributors to MGMT mRNA expression (adjusted R 2 Z0.579, P!0.0001), and USP8 mRNA expression levels, Relative mRNA and protein expression of MSH6
MSH6 mRNA expression levels were significantly higher in USP8 mutants and non-CCA than in the WT and CCA respectively (Supplementary Figure 5E , see section on supplementary data given at the end of this article). However, in the IHC analysis, most cases in the entire cohort (57 out of 60) showed high protein expression levels (12C), and there was no significant difference in protein expression levels between the WT and mutants or between non-CCA and CCA (Supplementary Figure 5F ).
Discussion
We herein detected USP8 mutations in 21 out of 60 (35%) Japanese patients with CD. Similar to previously reported mutants, new mutants (S719P, S718F, and S718_P720delinsT) lost 14-3-3 protein binding, underwent cleavage and catalytic activation, and suppressed EGFR downregulation. Among the three mutants examined, S718F was more prone to cleavage and exhibited higher DUB activity than the others, which is consistent with the critical role of Ser718 phosphorylation in USP8 binding to 14-3-3 proteins (26) and high frequency of mutations at Ser718 in corticotroph adenomas (9, 10, 11) . The phenotype of typical USP8 mutants represents a CD with small adenomas in middle-aged women. It may have caused the higher surgical remission rate of the mutants (95.2%) than that of the WT (53.8%) in our subjects. Similar to our results, a Chinese group showed that mutated adenomas were significantly smaller than WT adenomas (10), whereas a German group reported no significant differences (11) . The reason(s) for the discrepancy are unclear but may be partly due to differences in sample recruitment. Specifically, samples were collected from one institution in our study and the Chinese study, but from seven institutions in the German study. The ethnic difference of the subjects may also have been a factor.
Using the three new USP8 mutants, we confirmed in vitro that these mutations elevated DUB activity, thereby increasing the cell surface expression of EGFR (9, 10) . However, there was no significant difference in EGFR protein expression levels between the WT and mutants in our IHC analysis. The monoclonal EGFR antibody, clone 31G7 used in our study is a validated antibody widely used in IHC analyses of various cancers (27, 28) . In our hospital, we routinely use this antibody for IHC of cancers such as colorectal cancer and breast cancer, suggesting that false negative errors were unlikely. The in vitro and in vivo discrepancies may have partly been due to the use of a supra-physiological concentration (100 ng/ml) of EGF in the in vitro experiments, which activated all EGFR molecules simultaneously. As the USP8 mutants selectively inhibit the downregulation of ligand-activated, ubiquitinated EGFR, but do not affect inactive EGFR, the total EGFR protein level may not reflect the difference in the downregulation rate of activated EGFR in vivo. Therefore, further studies are warranted. In contrast, EGFR protein expression levels were significantly higher in CCA than in non-CCA in our IHC analysis. Thus, the aggressive phenotype of CCA may be partly explained by EGFRmediated activation. In this regard, molecular targeted therapies such as TK inhibitors may be an alternate therapeutic option for refractory cases of CCA (17) .
USP8 mRNA expression levels were higher in USP8-mutant than in USP8-WT corticotroph adenomas (Supplementary Figure 1C , see section on supplementary data given at the end of this article). Consistent with this result, USP8 protein expression levels were shown to be higher in USP8-mutant than in WT corticotroph adenomas (9) . A previous study reported that a dexamethasone treatment increased USP8 protein expression levels in a glucocorticoid receptor-dependent manner in human embryonic kidney cells, suggesting the regulation of corticotroph USP8 expression by the positive feedback system of the hypothalamic-pituitary-adrenal gland axis (29) . However, this does not explain why USP8-mutant adenomas expressed USP8 mRNA more strongly than WT adenomas because no significant differences were observed in serum cortisol levels between mutant and WT adenomas (Table 1) . Therefore, the molecular mechanisms underlying the upregulation of USP8 gene expression by its mutations in the protein-coding region (i.e. 14-3-3 binding motif) remain unknown.
We showed that mRNA and protein expression levels of SSTR5 were significantly higher in the USP8 mutant group than in the WT group. Information regarding the mechanisms of transcriptional regulation for the SSTR5 gene is currently limited. It will be interesting to determine in vitro whether USP8 mutants directly regulate SSTR5 mRNA expression. However, the elevated expression of SSTR5 mRNA in USP8-mutant adenomas may be an epiphenomenon to the tumor phenotype of the mutants. The higher SSTR5 mRNA levels of the mutants may not solely explain the higher SSTR5 protein expression levels. SSTRs belong to the superfamily of G protein-coupled receptors (GPCRs). Similar to other GPCRs, agonist-stimulated SSTRs undergo desensitization and endocytosis (30) . Recent studies revealed that the desensitization of GPCRs is mediated not only by phosphorylation and b-arrestins, but also by ubiquitination (31) . Of particular interest is whether ubiquitinated SSTR5 is a substrate of USP8 because the elevated DUB activity of the USP8 mutants may inhibit the downregulation of SSTR5.
The somatostatin analog pasireotide, which possesses high SSTR5 affinity, has been reported to normalize urinary cortisol levels in w25-30% of patients with CD (12, 32, 33, 34) . The higher SSTR5 expression levels in USP8 mutant adenomas suggest that the presence of USP8 mutations may predict favorable responses to pasireotide in addition to their high surgical remission rate shown in the present study. In contrast, surgically refractory cases of USP8 WT adenomas including CCA, which often present with invasive macroadenomas, may generally be resistant to medical therapy with pasireotide.
MGMT mRNA and protein expression levels were both significantly higher in USP8 mutants than in the WT. Furthermore, compared with the WT, strong immunopositive expression of MGMT was generally observed in the mutants, even when their MGMT mRNA expression levels were low. The MGMT protein was shown to be degraded via the ubiquitin-proteasome pathway (35, 36) . Therefore, USP8 may play a role in the deubiquitination of MGMT. In this scenario, MGMT degradation is inhibited when adenomas either abundantly express USP8 or have USP8 mutations, leading to positive MGMT protein expression. However, elevated MGMT mRNA expression may be due to a USP8 mutation-triggered epiphenomenon.
The alkylating compound, temozolomide, recently demonstrated a significant response against aggressive pituitary adenomas and carcinomas (19, 37, 38) . A recent relatively large cohort study (nZ24) (19) demonstrated that immunohistochemically low MGMT expression predicts a better response to temozolomide. In our series of CD, most CCA exhibited immunohistochemically negative MGMT expression, which was consistent with our previous findings (21) . Although aggressive tumors including CCA are not good therapeutic candidates for pasireotide, such patients may have a better response to temozolomide.
Several studies have argued that an immunohistochemical MGMT expression analysis is not clinically useful in predicting tumor responses to temozolomide therapy (20, 37, 38) . One possible explanation of the controversy is the acquisition of temozolomide resistance due to the loss of MSH6 expression during temozolomide treatments (19, 20, 39) . In our subjects, most patients (58 out of 60) were immunopositive for MSH6. Therefore, care is needed regarding the loss of MSH6 in acquiring temozolomide resistance after starting temozolomide treatments.
In summary, USP8 mutations were frequently detected in females and smaller tumors. Microadenomas that strongly express POMC were common among the mutated tumors, which may provide an insight into the mechanisms by which microadenomas secrete excess ACTH in order to present overt CD. The frequency of USP8 mutations was also significantly greater in tumors expressing SSTR5, suggesting favorable responses to the somatostatin analog pasireotide. In contrast, non-mutated aggressive tumors such as CCA may respond better to the alkylating agent temozolomide because of their significantly weak expression of MGMT. Although EGFR is theoretically activated in USP8 mutant adenomas, we failed to demonstrate this in vivo. Further studies will be necessary to clarify this issue.
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